Arginine kinase plays an important role in the cellular energy metabolism of invertebrates. Dimeric arginine kinase (dAK) is unique in some marine invertebrates. 
Introduction
Phosphagen kinases are a kind of phosphoryl transfer enzyme that plays a central role in energy metabolism in animals. They catalyze the reversible transfer of a phosphoryl group between ATP and guanidino compounds, which differ in different species. Arginine kinase (ATP:arginine N-phosphotransferase, EC2.7.3.3, AK) is the most widely distributed phosphagen kinase and is primarily present in invertebrates. It transfers reversibly the highenergy phosphoryl group from ATP to L-arginine according to the following reaction [1] L À arginine þ Mg †ATP $ N À phospho À arginine þ Mg †ADP Its analog, creatine kinase (CK), catalyzes a similar reaction in vertebrates, but uses the creatine as a phosphate receptor [2] . In general, AKs are monomers with a 40-kDa subunit. However, AK from marine echinoderm is dimeric, similar to cytoplasmic CK in vertebrates. It is composed of two identical subunits, each with 370 amino acid residues and a molecular weight of 42 kDa [3] . Homologous amino acid sequence alignments of the phosphagen kinases suggest that members of the enzyme family have evolved from a common ancestor. Sequence analysis indicates that the dimeric AK (dAK) is more evolutionarily close to CKs than to other monomeric AKs (mAKs), whereas its catalytic site is still conserved with that of mAK. It has been proposed that dAK evolved at least twice during the evolution of phosphagen kinase: first at an early stage of phosphagen kinase evolution (its descendants are molluscan and arthropod AKs), and secondly from CK at a later time in the metazoan evolution [4] . However, recently it has raised interest in structural and functional studies of dAK because of its special position in the evolution of the phosphagen kinase family. Moreover, as a dimeric protein, dAK is also a significant model to study the subunit dissociation and intersubunit interactions of oligomeric proteins. Studies have been carried out on its sequence features, biochemical properties, catalytic mechanisms, substrate-binding cooperativity, and unfolding/refolding pathways [5] [6] [7] [8] [9] [10] [11] [12] . The gene of dAK from Stichopus japonicus has been cloned and dAK has been recombinant expressed in Escherichia coli [7] . Equilibrium and kinetics of denaturant-induced unfolding and refolding of dAK have been investigated in previous studies [9] [10] [11] [12] . Some important amino acid residues have been confirmed by chemical modification and sitedirected mutagenesis [13] [14] [15] [16] [17] [18] [19] . However, the crystal structure of dAK has not been determined.
The evolution of marine invertebrate metabolism patterns generally provides the adaptation to the aquatic environment. In response to the ionic strength of seawater, some marine invertebrates utilize amino acids and inorganic metal ions as osmotic solutes to maintain cell volume [20] . dAK is among the most abundant protein in marine invertebrates such as echinoderm, and the intracellular ion environment is undoubtedly important to its functions. Moreover, the increasing pollution of heavy metal ions in sea water often leads to intracellular accumulation in
marine organisms. Thus, it is necessary to investigate the effects of metal ions on dAK structure and function. It has been previously reported that metal ions, especially divalent metal ions, could affect the structure and stability properties of some proteins [21, 22] .
Zinc is an integral component of a large number of proteins involved in the cellular metabolism. Previously, it was thought to be non-toxic; moreover, its chemical stability, stereochemical flexibility, and amphoteric properties may contribute to regulating many biological processes [23] [24] [25] . However, the evidence has shown that the Zn 2þ can induce the hydrophobic exposure, unfolding, and/or aggregation of a great variety of proteins, including GroEL, aminoacylase, and boar Spermadhesin PSP-I etc [26 -28] . In this work, we investigated the effect of Zn 2þ on the conformation and activation of dAK from the sea cucumber S. japonicus, a marine echinoderm. Zn 2þ could significantly induce the inactivation and aggregation of Stichopus AK and cause the hydrophobic exposure and conformational changes.
Materials and Methods

Materials
Arginine, ATP, tris, dithiothreitol (DTT), Ethylenediamine tetracetic acid (EDTA), isopropyl-b-D-thiogalactopyranoside, and 1-anilinonaphthalene-8-sulfonate (ANS) were purchased from Sigma (St Louis, USA). All other reagents were the local products of analytical grade used without further purification.
Protein expression and purification dAK from the sea cucumber S. japonicus was prepared according to the method reported by Guo et al. [7] . The enzyme was expressed as a fusion protein plus C-terminal His-tag to facilitate the protein purification. The purified dAK was homogeneous on polyacrylamide gel electrophoresis in the presence or the absence of sodium dodecyl sulfate.
Enzyme concentration and activity assay
The enzyme concentration was determined by the Coomassie blue protein dye-binding method of Bradford with bovine serum albumin as the standard. The activity of dAK was assayed by a direct continuous pH-spectrophotometric assay [29] . The pH-spectrophotometric assay was performed using a stock solution prepared by combining 5.7 mM arginine, 6.6 mM magnesium acetate, complex acid-base indicator (consisting of 0.15% g/ml Thymol blue and 0.025% g/ml Cresol red), and 53.2 mg ATP, then adjusting the pH to 8.0 with 1 M NaOH. The reaction solution was pre-incubated for 10 min at 258C, prior to initiation of the enzymatic reaction upon the addition of 10 ml to 1 ml of reaction solution. The reaction progress was followed as a liner decrease in absorbance measured at 575 nm for 30 s using an analytic spectrophotometer Specord 200 UV VIS (Jena, Germany). The slope was multiplied by the time to calculate the absorbance decrease. All measurements were carried out at 258C.
Fluorescence measurements and circular dichroism experiments Far-ultraviolet (UV) circular dichroism (CD) spectra were measured on a Jasco 500C CD spectrophotometer (Tokyo, Japan) at 258C, using a 1-mm path-length cell over the wavelength range 200-250 nm. Three spectrum signals were averaged for each sample.
All fluorescence emission spectra were collected on an F-2500 fluorescence spectrophotometer (Hitachi, Japan) at 258C. Both the excitation slits and the emission slits were at 5 nm. The excitation was accomplished at 295 nm, and the emission spectra were collected from 300 to 400 nm. The contribution of the buffer was subtracted.
For the measurement of ANS-binding fluorescence, ANS (Sigma) was used as a hydrophobic fluorescence probe. The experiment was performed after incubating the enzyme with 50-fold molar excess of ANS for 30 min in the dark. The spectra were collected from 400 to 600 nm with the excitation wavelength set at 380 nm.
Measurement of aggregation
The aggregation of dAK was measured by following the absorbance change at 400 nm on a Specord 200 UV VIS (Jena) under different Zn 2þ concentrations, enzyme concentration, pH, and temperature. For measuring the effect of Zn 2þ , the aggregation time course was measured at different Zn 2þ concentration 0.5, 0.8, 1.0, 1.5, and 3.0 mM. The final enzyme concentration was 8.0 mM. For the effect of different enzyme concentration, the concentration of Zn 2þ was fixed at 3 mM, the final concentration of enzyme was 2, 4, 8, and 10 mM. After that we tested the effect of pH condition, the aggregation time course of dAK (final concentration 4.0 mM) induced by 3 mM Zn 2þ was recorded at pH 4, pH 5, pH 6, pH 7, pH 8, pH 9, and pH 10. Furthermore, the effect of temperature was measured at 168C, 208C, 258C, 308C, and 378C. All the record time was 800 s, except for the time to measure the temperature effect which was 400 s. 
Protein unfolding and refolding
Results
Effect of Zn 21 on the activity of dAK The dAK activity was measured after incubation with different concentrations of Zn 2þ for 1 h at 258C. As shown in Fig. 1(A) , the activity of dAK gradually decreased with increasing zinc concentration. As the concentration of Zn 2þ was increased to 0.2 mM, the activity of dAK showed a rapid decrease. The enzyme was almost completely inactivated when the Zn 2þ concentration reached 1 mM. The results of similar experiments showed that other divalent ions such as Ca 2þ , Mn 2þ , and Co 2þ did not inactivate dAK under the same conditions. Meanwhile, these results also indicated that anions did not contribute to the inactivation of dAK since zinc acetate and zinc chloride had a similar effect [ Fig. 1(A) ]. The inactivation of dAK induced by Zn 2þ seemed reversible as the inactivated dAK could restore activity when EDTA was used as a chelator to remove the Zn 2þ (data not shown). The inactivation kinetics of dAK was further studied at different zinc concentrations. The time-course inactivation of dAK was measured, and the results showed that the inactivation followed a first-order biphasic process [ Fig. 1(B) ]. The inactivation rate constants were determined by the semi-logarithmic plot, and the results are summarized in Table 1 . It revealed that the inactivation process consisted of two phases [ Fig. 1(C) ]: fast (k 1 ) and slow (k 2 ). With increasing Zn 2þ concentration, both the fast-phase rate constant k 1 and the slow-phase rate constant k 2 increased, and k 2 changed relatively little. 21 on the dAK structure The intrinsic fluorescence was used to detect the conformational changes of dAK at different Zn 2þ concentrations. The results showed that the intrinsic fluorescence intensity of dAK increased remarkably accompanied by the slight shift of fluorescence maximum from 329 to 331.5 nm, which was quite close to that of dAK unfolding intermediate in 1.5-2 M urea [ Fig. 2(A) ] [11] . These results indicated that the process that the structure of dAK became less compact and unfolding occurred.
Effect of Zn
The time courses of dAK structural unfolding were determined by monitoring the intrinsic fluorescence intensity at 329 nm. Similar to the inactivation, the denaturation also followed a first-order biphasic process and rate constants were further determined by the semi-logarithmic plot. The fast rate constant k 0 1 was slight smaller than the inactivation rate constant k 1 . Although the slow rate constant k 0 2 was much smaller than k 2 . Increasing Zn 2þ concentrations might accelerate the slow-phase denaturation by increasing the rate constant k 0 2 to a magnitude similar to k 2 . These observations implied that a transient intermediate in both inactivation and structural unfolding exists (Table 2) .
ANS is usually used as a hydrophobic fluorescence probe because it exhibits a significant increase in Data were calculated by semi-logarithmic plots as shown in Fig. 1 . k 1 and k 2 were the first-order rate constants for the fast and slow phases, respectively.
Zinc induces unfolding and aggregation of dimeric AK fluorescence quantum yields when binding to hydrophobic regions of proteins. Thus, the changes in ANS fluorescence can be used to detect the increase in the accessible hydrophobic surface upon protein unfolding. Figure 2(B) shows the ANS fluorescence spectra of dAK after incubation with the 0-0.4 mM Zn 2þ concentrations. The result showed that the ANS intensity of dAK increased significantly, accompanied by the slightly blue shifts in the emission wavelength maximum. The increase in ANS intensity of dAK revealed the increasing exposure extent of protein hydrophobic surfaces as induced by Zn 2þ , which indicated some exposure by buried hydrophobic side chains to the solvent.
Far-UV CD was measured to detect the effect of Zn 2þ on the secondary structure of dAK. Figure 2(C) shows the CD spectra of dAK after incubation with the different Zn 2þ concentrations at 1 h. When the Zn 2þ concentrations increased from 0 to 0.4 mM, the ellipticity of dAK at 222 and 208 nm decreased slightly [ Fig. 2(C) ]. This result indicated that Zn 2þ could affect the structure of dAK by reducing the a-helix content of the enzyme. 21 on the dAK aggregation The aggregation (turbidity) of dAK by Zn 2þ was measured at 400 nm. Figure 3(A) shows the influence of Zn 2þ concentration on the aggregation of dAK at 258C. Data indicated that Zn 2þ could induce dAK aggregation significantly and the aggregation induced by Zn 2þ was concentration-dependent. When the Zn 2þ concentration was ,1 mM, the speed of aggregation was slow and the turbidity at A 400 increased slowly. Zn 2þ concentration .1 mM could induce the aggregation of dAK significantly and the aggregation increased markedly as the Zn 2þ concentration increased. The aggregation of dAK induced by Zn 2þ was also enzyme concentration-dependent. As shown in Fig. 3(B) , the aggregation of dAK was faster and stronger when the concentrations of the enzyme increased.
The pH condition could also affect the aggregation of dAK [ Fig. 3(C) ]. At pH 4.0 and pH 5.0, the aggregations were slow and weak. The most significant aggregation was induced when pH increased to around pH 6.0, which was close to its isoelectric point ( pI ¼ 6.5). The tendency toward aggregation descended after the pH increased above 6.0. The aggregation of dAK was temperature-dependent in the presence of 1 mM Zn 2þ . As the temperature increased, the extent of aggregation also increased markedly [ Fig. 3(D) ]. Consistent with the inactivation, the aggregation induced by Zn 2þ also can be reversed by adding EDTA (data not shown). were the first-order rate constants for the fast and slow phases, respectively.
Zinc induces unfolding and aggregation of dimeric AK that Zn 2þ was added to a final concentration of 0.4 mM for a further 1 h incubation at 258C. The effects of zinc on the aggregation of partially unfolded dAK were investigated. It was found that dAK aggregation was dependent on urea concentration. The greatest extent of aggregation was observed at a concentration of 1.6 M urea [ Fig. 4(A) ]. This urea concentration was very close to that of equilibrium unfolding intermediates (1.5-2 M) with partial structure and activation [11] . The kinetic course of conformational change was further investigated by measuring intrinsic fluorescence intensity at 329 nm of dAK in 1.6 M urea at 0.4 mM zinc concentration. A monophasic process was observed with the rate constants similar to that of the slow phase of all Zn 2þ concentrations [ Fig. 4(B) ]. This was consistent with above observations and further confirmed the equilibrium unfolding intermediate can be induced by zinc.
Similar to unfolding equilibrium, a dimeric intermediate with partial activity also has been reported in the ureadenatured refolding pathway at 0.5 M urea concentration [11, 12] . To further investigate the effect of zinc on dAK folding pathways, fully urea-denatured dAK was refolded by dilution 60-fold into buffer at different zinc concentrations. It was found that zinc could block refolding pathways by decreasing the reactivity in a concentrationdependent manner [ Fig. 5(A) ]. The dimeric partially folded intermediate was also refolded by dilution into buffer at the same zinc concentrations, and a similar inactivation result was obtained [ Fig. 5(A) ]. In both cases, the reactivation could not be fully blocked at zinc concentration ,8 mM [ Fig. 5(A) ] and EDTA could rescue almost all of dAK activity (data not shown). The residual activities of dAK at saturation-like zinc concentration (6 mM) were quite close to that of dimeric partially folded intermediate [12] . However, the fully inactivation and aggregation of dAK occurred at zinc concentration above 20 mM, which indicated the off-pathway misfolding was induced (data not shown). These results clearly indicated that zinc inhibits the reactivation and refolding of dAK by blocking the transfer from partially folded intermediate to native state. Meanwhile, the refolding kinetics of Zn 2þ -trapped dAK Zinc induces unfolding and aggregation of dimeric AK initiated by the addition of EDTA were also studied.
Refolding of the Zn 2þ -trapped dAK prepared from both fully denatured dAK and partially folding intermediate followed monophasic processes and shared similar refolding rate constants [ Fig. 5(B) ]. These constants are also very close to that of 1.6 M urea-denatured intermediate and partially folded intermediate [12] . Take together, our results suggest that zinc could affect on dAK unfolding and refolding by interaction with dimeric folding intermediate.
Discussion
Zinc is the second most abundant transition metal in organisms after iron and is the only metal which appears in all enzyme classes [30, 31] . However, excessive zinc can be toxic to organisms in different ways [32] . Concentrations of zinc in tissues of aquatic organisms, including marine invertebrates, are usually far in excess of that required for normal metabolism. Much of the excess zinc is bound to macromolecules or present as insoluble metal inclusions in tissues [33] . This makes it necessary to study the effect of zinc on aquatic organism proteins.
Here, we showed zinc ions could significantly inactivate AK from sea cucumber S. japonicus (dAK) and cause conformational changes, hydrophobic exposure, and aggregation. These effects have also been reported in zinc-induced inactivation of CK, the homolog of dAK in vertebrates [34] [35] [36] . However, at low concentrations, zinc can activate CK and increase the a-helix content [34] . This was not observed in dAK as its activity decreased gradually at even very low zinc concentrations. This effect is very similar to that of mAK from shrimp. Thus, it seems that even if dAK and mAK evolved in different ways, they might have similar active center structures. However, the overall structural changes of dAK induced by zinc are more similar to CK The data are presented in a semi-logarithmic plot. As for native dAK, the fast phase (filled triangles) was obtained by subtraction of the corresponding contributions of the slow phase from the original data. The kinetic constants of native dAK were summarized in Table 2 . The kinetic constant of 1.6 M urea equilibrated dAK was 1.38 + 0.02. Zinc induces unfolding and aggregation of dimeric AK rather than mAK. No aggregation was observed in mAK induced by zinc [37] . This observation is consistent with the hypothesis that dAK and CK have a common ancestor. During the biphase processes of both inactivation and conformational change, as the inactivation rate constant k 1 is faster than the denaturant rate constant k 0 1 , the effect of zinc on the active center seems greater than that on the overall structure. Meanwhile, although the slow rate constant k 2 is faster than k 0 2 , increasing the zinc concentration to 1 mM could increase the slow rate constant k 0 2 to a level similar to k 2 , indicating that unfolding coupled inactivation occurs. These observations suggest that an unfolding transient intermediate exists. In conclusion, we investigated the effects of Zn 2þ on the unfolding and aggregation of dAK from the sea cucumber S. japonicus. Our results indicated that Zn 2þ caused dAK inactivation accompanied by conformational unfolding, exposure of hydrophobic surface and aggregation. Kinetic studies showed the inactivation and unfolding of dAK followed biphasic kinetic courses. Zn 2þ could affect unfolding and refolding of dAK by trapping the reversible intermediate. We provided an insight into the inhibiting effect of Zn 2þ on dAK and its docking mechanism. Our results will be helpful for further understanding of the effects of Zn 2þ on different organisms.
